Hierarchical chestnut-like manganese cobalt oxide (MnCo2O4) nanoneedles (NNs) are successfully grown on nickel foam using a facile and cost-eff ective hydrothermal method. High resolution TEM image further verifies that the chestnut-like structure is assembled by numerous 1D nanoneedles, which are formed by numerous interconnected MnCo2O4 nanoparticles with grain diameter of ~10 nm. The MnCo2O4 electrode exhibits high specific capacitance of 1535 F g -1 at 1 
INTRODUCTION
The fast-growing market for portable electronic devices and hybrid electric vehicles has highlighted the urgent need to develop portable, efficient and cost-effective energy storage devices [1] [2] [3] . Supercapacitors are the promising energy storage devices that can bridge the gap between batteries and conventional capacitors owing to high energy density, outstanding power density, long life span, excellent fast charge/discharge rate [4, 5] . Accordingly, supercapacitors have been widely envisaged in mobile electrical systems, consumer electronics, energy management, and memory back-up systems [6, 7] . To date, there has been considerable interest in developing high energy supercapacitors that consisting of transition metal oxide electrodes as positive electrodes and carbonaceous electrodes as negative electrodes owing to their high specific capacitance and wider potential windows [8] [9] [10] . Among the reported metal oxides, cobalt-based spinel structure with the general formula, AxB3-xO4, where A and B are two different transition metals of Co, Mn, and Ni types [11, 12] , have demonstrated superior electrochemical storage properties, which is attributed to richer redox reaction properties and higher electronic conductivity compared to binary metal oxides. In particular, MnCo2O4 spinel structure has drawn extensive attentions in energy storage such as supercapacitor and Li-ion battery owing to its highest theoretical specific capacitance among other cobalt-based spinel structure [13] , high specific capacitance, high rate capability, natural abundance, low cost, and environmental friendliness [14] [15] [16] [17] [18] [19] . For example, Li et al. reported MnCo2O4 nanowire arrays as the electrode materials for supercapacitors and Li-ion batteries, which exhibited a noticeable improved capacitance of 349.8 F g −1 at 1 A g −1 and high specific discharge capacity of 1288.6 mA h g −1 at 100 mA g −1 [20] . Xu et al. synthesized porous MnCo2O4 nanowires as electrode for supercapacitor, which exhibited a remarkable specific capacitance of 1342 F g −1 at 1 A g −1 [21] . However, it is still challenging to obtain high energy density in MnCo2O4 systems [22, 23] .
Here we report hierarchical chestnut-like MnCo2O4 nanoneedles (NNs) grown on nickel foam as a binder-free supercapacitor electrode using a facile hydrothermal method. MnCo2O4 NNs electrodes delivered an unprecedented high capacitance of 1535 F g -1 at 1 A g -1 with an outstanding rate capability (83.3% capacity retention at 10 A g −1 ) in a 6 M KOH electrolyte. An asymmetric supercapacitor (ASC) with operating potential at 1.5 V was assembled with the chestnut-like electrode. The ASC device showed a high energy density of ∼60.4 Wh kg −1 at a power density of
Moreover, the device demonstrated excellent cycling stability with 94.3% capacitance retention after 12000 cycles at 30 A g -1 in a 6 M KOH electrolyte.
EXPERIMENTAL METHODS:

Synthesis of spinel MnCo2O4 nanoneedles on Ni foam
All the reagents used in the experiment were of analytical grade and used as received. The spinel MnCo2O4 NNs electrodes were prepared using a simple hydrothermal method. In a typical surface. The cleaned NF was then added and the resulting mixture was heated to 100 °C for 5 h.
After the reaction was complete, the autoclave was allowed to cool naturally to room temperature.
The samples were washed, dried and then treated thermally at 300 °C for 2h to obtain MnCo2O4
NNs. The active mass of MnCo2O4 was weighted by a semi-micro balance (Precisa, XR205SM-DR) with a readability of 0.01 mg. The loading mass of MnCo2O4 NNs on NF was approximately 1.1 mg cm -2 .
Preparation of graphene/NF as negative electrode
Graphite oxide (GO) was prepared from graphite powder using a modified Hummers method as published previously [24, 25] . The graphene was prepared by applying thermal expansion of the as-fabricated GO powder at 1050 ºC for 30 s in an Ar atmosphere [26] . The graphene electrode was prepared according to our previous work [27] . Briefly, 85 wt% of graphene was mixed with 10 wt% acetylene black and 5 wt% polytetrfluoroethylene (PTFE), and a small amount of water.
Then resulting mixture was coated onto the nickel foam (1 cm × 1 cm). After pressing under a pressure of 20 MPa, the electrode was dried at 80 ºC overnight in a vacuum oven. The mass loading for graphene electrode was determined by comparing the mass difference between the original NF and the NF coated with mixture. The loading mass of the graphene on NF was approximately 5 mg cm -2 .
Material characterizations
The phase of the synthesized electrode was examined by X-ray diffraction (XRD, D8-Discovery Bruker) using Cu Kα radiation (λ=1.54 Å) at an accelerating voltage and current of 40 kV and 200 mA, respectively. The XRD pattern was recorded over the 20~80° (2θ) range at a scanning speed of 0.2 °/s. The microstructure and morphology were confirmed by field-emission scanning electron microscopy (SEM, Hitachi S-4800) and high resolution transmission electron microscopy (TEM, JEOL, JEM-2010F). The valence state of the prepared samples was determined by X-ray photoelectron spectroscopy (XPS, VG Scientifics ESCALAB250), which was calibrated to the carbon C 1s peak at 284.6 eV.
Electrochemical characterizations
impedance spectroscopy (EIS) were obtained using an electrochemical workstation system (nSTAT, IVIUM The specific capacitance (Cs) was calculated using the following equation [28] :
where I (A) is the constant discharge current, t (s) is the discharge time, ΔV (V) is the voltage drop upon discharging (excluding the IR drop), and m (g) is the mass of the active materials.
Fabrication of MnCo2O4 NNs//graphene asymmetric supercapacitor
To fabricate the ASC device, chestnut-like MnCo2O4 NNs/NF and graphene/NF were used as the positive and negative electrodes, respectively. Based on the three-electrode electrochemical measurement results of both MnCo2O4 NNs and graphene electrodes, cell balance was achieved by setting the electrode mass ratio of cathode/anode to 0.18 (the anode loading mass is around 7.2 mg cm −2 ). The G/NF electrode was pressed and combined with MnCo2O4 NNs/NF electrode using a piece of polypropylene paper and 6.0 M KOH as the separator and electrolyte, respectively, to assemble the CR2302 cell.
For charge balance of the ASCs, the voltammetric charges of the positive electrode and the negative electrode followed the equation, q+ = q−. The voltammetric charges (q) were estimated using the following equation [29] :
where Cs is the specific capacitance (F g −1 ) of each electrode, ΔV is the potential window (V) of each electrode and m is the mass loading (g) of each electrode. Therefore, the mass ratio of the positive and negative electrodes followed the equation,
The energy density E (Wh kg −1 ) and power density P (W kg −1 ) were calculated as follows:
where Cs is the specific capacitance (F g −1 ), ΔV is the potential range (V) and Δt is the discharge time (s).
RESULTS AND DISCUSSION
Fig. 1a presents the XRD pattern of MnCo2O4 NNs powder scratched from NF after air calcination at 300 °C for 2h. All XRD peaks were indexed to the (111), (220), (311), (400), (422), (511), and (440) crystal planes of pure cubic spinel MnCo2O4, which is in agreement with the standard values (JCPDS card no. 23-1237) [30] . No other phases were observed, suggesting that all the XRD peaks could be assigned to a well-crystallized MnCo2O4 spinel structure. The structure of the MnCo2O4
NNs is regarded as a mixed valence oxide that adopts a cubic spinel structure, in which manganese 8 (Mn) and cobalt (Co) might be distributed over both octahedral and tetrahedral sites [31, 32] . the charge transport and rapid ion diffusion [33] , which is beneficial to superior electrochemical reaction. The morphology and microstructure of the MnCo2O4 nanoneedle microspheres were further examined by TEM. Fig. 2a shows the TEM image of a MnCo2O4 nanoneedle microsphere having a chestnut-like structure. High resolution TEM image further verifies that the chestnut-like structure is assembled by numerous 1D nanoneedles, which is formed by numerous interconnected
MnCo2O4 nanoparticles with grain diameter of ~10 nm (Fig. 2b) . The porous characteristic of 1D nanoneedles enables efficient and rapid diffusion of electrolyte ions to electroactive surface sites for Faradaic reaction, leading to high specific capacitance [34] . Fig. 2c shows the lattice fringes with equal interplanar distance of 0.296 nm, 0.252 nm, and 0.212 nm, which correspond to the (220), (311), and (400) planes of cubic MnCo2O4, further confirming the formation of polycrystalline MnCo2O4 nanoneedles [35] . EDS mapping analysis of the nanoneedle bundles further confirmed the formation of MnCo2O4 (Fig. 2d) . The elemental composition and oxidation valance state of MnCo2O4 NNs were characterized by XPS. Fig. 3a shows the typical signals of Mn2p, Co2p, O1s core levels from the spectrum, confirming the presence of Mn, Co, and O. As shown in Fig. 3b , two types of manganese species were detected and attributed to species containing Mn 2+ and Mn 3+ ions. The Mn 2p spectrum shows a Mn 2p3/2 peak at ∼ 642.5 eV and a Mn 2p1/2 peak at ~ 654 eV, corresponding to the Mn (II) and Mn (III), respectively [29] . The Co 2p spectrum (Fig. 3c ) opens a broad Co 2p3/2 peak at ∼780.0 eV and a Co 2p1/2 peak at ∼796.0 eV, indicating the coexistence of Co (II) and Co (III) [36] . The O 1s spectrum confirms the presence of oxygen in the spinel structure lattice (Fig. 3d) . The highresolution spectrum of the O 1s region reveals three oxygen contributions; O1, O2 and O3. In particular, the O1 component at ~529.7 eV is typical of metal-oxygen bonds [37] . The wellresolved O2 component at ~531.2 eV is due to the larger number of defect sites with low oxygen coordination normally observed in materials with small particles [38] . The component O3 at ~532.6
eV is attributed to the multiplicity of physi-and chemi-sorbed water at or near the surface [39] .
Overall, the electron couples of Mn 3+ /Mn 2+ , Co 3+ /Co 2+ and O 2-coexist in the chestnut-like MnCo2O4 NNs structure, which provides a richer electrochemical activities for supercapacitor applications. /Co 3+ [14, 29] . With increasing scan rates, the current density increases and the positions of the anodic and cathodic peaks are shifted to a more anodic and cathodic direction, respectively, suggesting fast and reversible redox reactions occurring at the electrode/electrolyte interface [41] .
With increasing the sweep rate from 2 mV s -1 to 20 mV s -1 , the position of the cathodic peaks shifts slightly from 0.46 V to 0.45 V, which indicates efficient electron conduction and ion transports of the MnCo2O4 NNs structure at higher scan rates. Fig. 4b presents the GCD curves of the MnCo2O4
NNs electrode within a 0-0.6 V voltage range at different current densities 1, 2, 3, 5, 8, and 10 A g -1 . All the curves are nonlinear and asymmetrical at different current densities, confirming the pseudocapacitive behavior in nature [42] . In addition, the charge/discharge curves are highly symmetrical without an obvious IR drop at various current densities, indicating a rapid I-V response and excellent electrochemical reversibility. The calculated specific capacitance (Cs) based on the discharge curves as a function of current density was plotted in Fig. 4c [46] . The cycle stability is a crucial parameter for practical supercapacitor applications. The cycle performance of the MnCo2O4 NNs electrode was explored at a current density of 5 A g −1 , as shown in Fig. 4d . After 2500 cycles, 83.8% of the capacitance is maintained. The inset in Fig. 4d shows the charge/discharge curves of the MnCo2O4 electrode at 1 st and 2500 th cycles. The superior electrochemical performance is attributed to the following merits of the proposed MnCo2O4 NNs structure. First, the 1D porous MnCo2O4 NNs structure is composed of numerous MnCo2O4 nanoparticles, thereby resulting in the more electroactive surface sites for electrochemical reactions, which leads to faster kinetics in electron and ion transportation [29] . Second, the chestnut-like MnCo2O4 structure was grown hierarchically on NF, which preserves the open network of individual chestnut-like structure, allowing easy access of electrolyte to the electroactive surface sites, hence facilitating ion diffusion at the electrode/electrolyte interface [41] .
Third, the direct hydrothermal growth of hierarchical MnCo2O4 NNs structures on NF ensures good mechanical adhesions between MnCo2O4 structures and NF current collector, thus ensuing good electrical conductivity of the MnCo2O4 electrode [33] . [49]:
where j is the imaginary unit, ω is the angular frequency (Hz) and W is the Warburg parameter in units of Ω s
. This W parameter is an increasing function of the resistance for electrolyte transport in a porous electrode. At sufficiently high frequencies, the overall impedance can be reduced to Equation 8, corresponding to a locus showing a semicircle that intercepts the real axis at Rs and Rs + Rct in the Nyquist plot [50] .
The high frequency intercept of the semicircle on the real axis shows the Rs, representing a combinational resistance of the electrode, bulk electrolyte, and the resistance at the interface between current collector and MnCo2O4 NNs materials. The diameter of the semicircle corresponds to the Rct during electrochemical process. In low frequency region, the straight line with an angle at almost 45º with the real axis (Z') corresponds to the Zw and is the result of the frequency dependence of ion diffusion in the electrolyte [51] . The impedance parameters Rs, Cdl, Rct, Zw and CF values calculated from the complex nonlinear least square fitting are shown in Table   1 . Fig. 4e clearly shows that the MnCo2O4 NNs electrode has a low Rs (0.252 Ω). Moreover, the impedance spectrum of the MnCo2O4 NNs electrode reveals a small semicircle, which indicates a low Rct (0.113 Ω) of the MnCo2O4 NNs electrode, thereby suggesting that the MnCo2O4 NNs electrode has a high electrochemical activity. These results are attributed to the porous feature of the 1D nanoneedles and interconnected open network of MnCo2O4 NNs architecture, which lead to an enhanced ionic diffusion and charge transport.
Table 1 EIS fitting parameters of MnCo2O4 NNs electrode
The as-obtained G/NF electrode displays excellent electric double layer capacitance properties at -1.0-0.0 V (vs. SCE), as shown in Fig. 5a . The Cs of the G/NF electrode, which was calculated from its GCD curves (Fig. 5b) , reaches 171 F g -1 at 1 A g -1 and 100 F g -1 at 20 A g -1 with a good retention rate of 58.4% (Fig. 5c) , which is comparable to those reported previously for graphenebased supercapacitors [52, 53] . EIS fitted data reveals that G/NF has low Rs and Rct values of 0.481 Ω and 0.723 Ω, respectively (Fig. 5d) . 
